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Ionization Constant of 5-5'-Diethylbarbituric Acid 

from 0^ to 60^ C 



George G. Manov/ Kathryn E. Schuette, and Floyd S. Kirk 

Measurements are reported for the ionization constant and for related thermodynamic 
quantities from 0° to 60° C for 5-5 '-diethylbarbit uric acid. 

Two series of solutions corresponding to molal ratios of barbituric acid: sodium 
barbiturate: sodium chloride (or iodide) of 1 :0.5:1.667, 1:1:1.667, and 1 :2:1. 667 were investi- 
gated. The values obtained for the ionization constant of the acid using these three ratios 
of acid to sodium salt and two types of reference electrodes were found to agree within the 
experimental error of the measurements. Two other series of solutions in which both the 
ratio and the concentration of the buffer materials were maintained ai a fixed value and that 
of the halide ion was diminished were also studied. The effect of sodium iodide on the pK' 
of the buffers was normal, whereas that for the sodium chloride was anomalous but could 
be explained in terms of a demonstrated interaction at low concentrations of sodium chloride, 
between the soluble barbiturate ion and the silver-silver-chloride electrode used in the cell. 

The variation of pK for 5-5'-diethylbarbituric acid with the absolute temperature T, 
where T=273.16 + <°C, can be expressed by the equation 

p/C = 2324.47/r+0.0118562T-3.3491 



over the range 0° to 60° C. 

1. Introduction 

Solutions of barbiturates are used to control the 
acidity of biological media [1]^ in the vicinity of pH 7 
and are useful in blood chemistry, where the use of 
this buffer does not remove calcium and magnesium 
salts as does, for example, a phosphate buffer. Bar- 
biturates are also used as sedatives and anaesthetics, 
and the time lag between the injection of the bar- 
biturate and the onset of anaesthesia is thought by 
some investigators [2] to be related to the rate of 
absorbtion of the un-ionized molecule and hence to 
the ionization constant of the barbituric acid. 

In general, the various substituted barbituric acids 
and the corresponding sodium salts are capable of 
easy purification and permit the preparation of a 
wide range of monobasic buffer mixtures. Measure- 
ments of the pH of such buffers have been made with 
the glass electrode [3] for a number of substituted 
barbiturates. The particular compound chosen for 
this investigation was 5-5'-diethylbarbituric acid 
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A number of measurements of the ionization con- 
stant of the acid and of the pH of the acid-salt buffer 
mixtures have been made by other investigators 
[1, 3, 5, 6, 7], using cells that involved a liquid junc- 
tion. The specific electric conductance was meas- 
ured by one worker [4]. The data reported in this 
paper for the ionization constant were obtained by 
the use of hydrogen and silver-silver-halide elec- 

1 Present address, Atomic Energy Commission, Oak Ridge, Tenn. 

2 Figures in brackets indicate the literature references at the end of this paper. 



trodes in a cell without a liquid junction, according 
to the method of Harned and associates [8]. 

2. Experimental Details 
2.1. Materials and Solutions 

The components of the buffer solutions studied 
were 5-5'-diethylbarbituric acid ^ and its sodium 
salt (hereafter abbreviated to HB and NaB, re- 
spectively), and either sodium chloride or sodium 
iodide. The reason for the use of the two halides is 
explained later. 

Because of the confusion in SA^nonyms, it was 
found that little credence could be placed upon the 
reliability of the scattered values found in the liter- 
ature for the solubility of the acid or of the sodium 
salt. The approximate solubilities of HB and of 
NaB were therefore determined in the conventional 
manner. The approach to equilibrium was made 
from the directions of under- and of supersaturation; 
the solutions were analyzed by titration with stand- 
ard acid or base. The solubility of 5-5 '-diethyl- 
barbituric acid in water at 5° and 25° C was found 
to be 0.019 ±0.001 and 0.028 ±0.001 mole per liter 
of solution. A solubility of 0.017 m at 0° C is esti- 
mated. This value is important because it limits 
the concentration of HB that can be used in a buffer 
solution at the lowest temperature of the experi- 
ments. The solubility of NaB was determined at 
5° and at 25° C in a similar manner and found to be 
0.79 ±0.01 and 0.82 ±0.01 mole per liter of solution.^ 

3 Considerable confusion is present in the early, and paiticularly in the foreign 
literature by the plurality of names that have been used synonymously for 5-5' 
diethylbarbituric acid (and occasionally for other barbituric acids) , for example: 
veronal, luminal, medinal, barbitone, barbital (used indiscriminately for both 
the acid and the sodium salt), etc. 

4 For the solubility of HB, Squire and Cains [9] give 0.031 molal at 15° C and 
0.043 m at 27° C; Casparis [10] states that 1 part of acid dissolves in 145 parts of 
"cold" water, corresponding to a solubility of approximately 0.04 m. For NaB, 
the data of Puckner and Hilpert [11] yield 0.29 w at 5° C and 0.84 m at 25° C; the 
requirement of the U, S. Pharmacopoeia [12] is that 1 part of the sodium salt 
shall dissolve in 5 parts of water at room temperature and corresponds to a mini- 
mum solubility of approximately 0.8 molal. 
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Small portions of harbituric acid were recrystal- 
lized three times (nieh from ethyl alcohol and from 
toluene. The melting points of the products were 
188.8° C (uncorrected) m both cases, whereas that 
of the original acid (USP grade) was approximately 
0.2° C lower. The material recrystallized from 
alcohol was found to be wetted easily by water, 
\\ hereas that from the toluene was not, and the main 
])ortion of the acid was therefore recrystallized from 
alcohol. 

The sodium salt was purified in the following 
manner: 100 g of NaB (USP grade) was dissolved 
in 300 ml of warm water and filtered to remove any 
undissolved impurities, 300 ml of ethyl alcohol was 
added and the mixture cooled to 5° C and the product 
filtered. The yield was approximately 40 percent. 
The pH values at 25° C of 0.05-molal solutions 
(determined with a glass-electrode pH meter) of the 
original and of materials that had been recrystallized 
once and twice were, respectively, 9.75, 9.80, and 
9.82. The distilled water used to prepare these 
solutions had been freshly boiled and was protected 
against atmospheric carbon dioxide during cooling. 
The pH of the water varied from 6.2 to 6.4. 

Experiments were performed on separate 0.02- 
molal solutions of HB and NaB to determine the 
effect of small amounts of acidic or alkaline impuri- 
ties on the pH of the mixtures. Such information 
is of importance in determining the extent to which 
the HB and NaB should be purified. The results, 
presented grapliically in figure 1, show that 0.25 
mole percent of an acidic impurity (added as HCl) 
lowers the pH of 0.02-molal HB from 4.69 to 4.47, 
whereas the same amomit of an alkaline impurity 
(added as NaOH) raises the pH from 4.69 to 4.84. 
The corresponding figures for NaB are from 9.75 to 
9.60 and from 9.75 to 9.95. The effect of small 
amounts of impurities is particularly noticeable 
when the HB and NaB are tested separately, be- 
cause the buffer capacity of the solution in such 
cases is very low. The same amounts of impurities 
in a solution in which the buffer ratio is unity would 
each cause a dift'erence in the pH of only 0.001 unit. 
Obviously, if the impurities were weak electrolytes, 
their effect on the pH of the buffer solution would be 
reduced still further. If the impurities were homo- 
logs of 5-5'-diethylbarbituric acid (or of the sodium 
salt), it would be possible, of course, for the acid (or 
the sodium salt) to contain an appreciable amount 
of impurity without changing the pH of the separate 
solutions significantly. The USP grade acid and 
sodium salt used in the determination of pK^ and pH 
were each recrystallized twice with yields of approxi- 
mately 55 and 40 percent, respectively, for each 
crystallization. The melting point of the USP 
grade acid was also 188.6° C (uncorrected), and the 
first and second recrystallizations both melted sharply 
at 188.8° C. The purification of the materials 
by recrystallization to the extent that the pH of 
successive fractions of the acid and of the salt in 
0.02-m solutions changes by less than 0.1 unit 
evidently is adequate. 

The densities of solid HB and NaB (needed to 




0.25 0.50 0.75 1.00 

MOLE PERCENT OF ACID OR ALKALINE IMPURITY 

Figure 1. Effects at 25° C of small quantities of acid (HCl) 
and of alkaline (NaOH) impurities on the pH of a 0.02-m 
solution of 5-5' -diethylharhituric acid and of a 0.02-m solu- 
tion of sodium 5-5' -diet hylbarbitur ate. 

reduce the weights of these materials in air to a 
vacuum basis) were determined with sufficient 
accuracy by measuring with a Westphal balance the 
densities at 25° C of the mixtures of benzol and 
chloroform in which the two solids would remain in 
suspension without appreciably floating or sinking. 
The densities thus obtained were 1.3 g/cm^ for both 
the HB and NaB. 

The sodium chloride was purified by passing 
gaseous chlorine into the boiling saturated solution 
that had been acidified slightly. The excess chlorine 
was removed by passing a stream of air through the 
boiling solution until the odor of free halogen dis- 
appeared and a negative test for free halogen was 
obtained with starch-iodide on a portion of the 
solution. The main portion of the solution was then 
cooled to room temperature and the pH adjusted to 
neutrality with a small amount of aqueous sodium 
hydroxide prepared from metallic sodium and water. 
An equal volume of ethyl alcohol was added to the 
solution, and the precipitated sodium chloride was 
filtered and dried ^at 110° C. The pH of a 0.05- 
molal solution of the product was not significantly 
different (d=0.03) from that of the water used to 
prepare the solution. Analysis [13] of the purified 
sodium chloride by Gladys D. Pinching, of the 
Bureau, showed a bromide content of 0.002 percent. 
This method for the purification of sodium chloride 
is a modification of the one described earlier [14] and 
eliminates the steps [13] involving the precipitation 
of the salt with hydrochloric acid (which must also 
be free of bromide impurities) and the subsequent 
necessity for the fusion of the sodium chloi'ide under 
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special conditions to remove traces of hydrochloric 
acid and to prevent hydrolysis of the salt. 

Sodium iodide was purified by recrystallization 
from water in the conventional manner. The dis- 
tilled water used for the preparation of the solutions 
had a maximum specific conductance at 25° C of 0.7 
micromho. 

All solutions were prepared by weight methods, 
and the concentrations of the various components 
were known to a precision of ±0.05 percent. 

2.2. Electrodes 

The hydrogen and silver-silver-chloride electrodes 
were prepared as described previously [14]. The 
Ag-AgI electrodes used were of the thermal- 
electrolytic variety, in which a paste of silver oxide 
was heated to 450° C and the resulting silver par- 
tially converted (5 mole percent) to silver iodide by 
electrolysis in 1-m HI. Several lots, each containing 
18 electrodes of this type, showed an average repro- 
ducibility in potential of ±0.05 mv (±0.0008 pH). 
The values for £'° obtained by Owen [15] were 
employed in the present paper. ^ In table 1 are given 
the values used for E^ for the two silver-silver- 
halide electrodes and for other constants used 
elsewhere in this paper. 

Table 1. yalue^ used for the constants in the determination 
of the ionization constant of 5-5' -diethylharhituric acid 



Tempera- 


£°Ae-AkC1 


S°AK-AgI 


k 


ture 


116] 


[15] 


°C 


Int. v 


Int. V 


Int. V 





0. 23644 


-0. 14624 


0. 054179 


5 


. 23396 


-.14707 


. 055171 


10 


. 23132 


-.14808 


. 056163 


15 


. 22846 


-.14927 


. 057154 


20 


. 22550 


-.15064 


. 058146 


25 


.22238 


-.15219 


. 059138 


30 


. 21911 


-.15392 


. 060129 


35 


. 21564 


-.15583 


.061121 


40 


. 21207 


-.15792 


.062113 


45 

50 
55 


. 20822 

. 20432 
. 20033 




. 063105 

. 064096 
. 065088 






60 


. 19619^ 




. 066080 





a The work reported in this paper was completed prior to the general adoption 
of the absolute units of electromotive force. Inasmuch as E, E°, and k are all 
expres.sed consistently in international volts, the true value of pK is obtained. 

2.3. Procedure 

Hydrogen and silver-silver-halide electrodes were 
used in cells without a liquid junction in two series 
of experiments. 

In the first series, a stock solution was prepared 
corresponding to the fixed ratio of HB:NaB:NaX 
(where X was either chloride or iodide), and a num- 
ber of dilutions of this stock solution were made. 

Measurements of the emf of the cells containing 
these dilutions were made from 0° to 60° C, and the 
data were used for evaluating the ionization constant 
of HB. In the second, the concentration of HB and 
of NaB were maintained at a constant value, whereas 
that of the NaX was progressively diminished. 

5 The values for E° for the Ag-AgI electrode are given by Owen [15] over the 
range 5° to 40° C by J5;° = -0.15219-0.328X10-3(^-25) -3.6X10-6(^-25)2. Owen 
found that electrodes prepared by fusion of a coprecipitated mixture of silver 
oxide and silver iodide were somewhat less reliable than either the thermal- 
electrolytic variety or those prepared from silver oxide and silver iodate. 



The emf measurements of the cells were made from 
0° to 40° C, and the data were used to determine 
the effect of NaX on the apparent ionization constant 
of HB. 

The arrangement of the thermostat, the construc- 
tion of the solution flasks, the filling of the cells, and 
related matters have been described by Hamer [17]. 

3. Determination of the Ionization Constant 
of 5-5'-Diethylbarbituric Acid From 0° to 
60° C 

Measurements were made of the emf of the cell 
system 

Pt; H2, HB, NaB, NaX, AgX; Ag (1) 

in which the proportions and concentrations of HB, 
NaB, and NaX (X = C1 or I) were systematically 
varied. The measured emf, E, of the cell is given by 



E=E^-k log (an) (ax), 



(2) 



where an and ax are the activities {a=fm) of the 
hydrogen and halide ions. B}^ defining 

pK=-logK (3) 

where 

K= (an) MKaHB) = (an) UBmB)/(jHB^HB) (4) 

and with the assumption that/^^^l, eq 4 may be 
rewritten to yield 

pK={E-E'^)/k+]og{mHslmB) + logmx+\og{fx/fB)- 

(5) 

The last term in eq 5 cannot be calculated unless 
pK is known, and it is therefore convenient to define 
a new quantity, ]pK\ such that 



pK' = (E-E-)lk+log {mHBlmn) + 
log mx=vK-log UxIJb)' 



(6) 



Equation 6 contains only terms whose values either 
are known or can be measured experimentally. By 
definition, the activity coefficients of the ions become 
unity at infinite dilution, and consequently a plot 
of pX' against the ionic strength, /z, (for univalent 
buffer -halide solutions, m^^^s + ^x) may be extra- 
polated to /x=0 to yield pif.^ Having obtained an 
extrapolated value for p/^, it is then possible to use 
eq 5, if desired, to calculate values for log {Jx/Jb) at 
finite concentrations. 

3.1. Measurements of pK' with Hydrogen and 
Silver-Silver-Chloride Electrodes 

For the determination of pK, three different pro- 
portions of HB:B:C1 were investigated at each 
temperature. 

6 In dilute sjlutions, the hydrolysis of ba'-bitu-ate ion results in a slight increase 
in the buffer ratio, (m/zfi/rres). The la'^gest effect is observed at 60° C for the most 
dilute solution of the 1:2 buffer ratio, and amounts to +0.0012 in pK' (0.07 mv in 
emf). The effect of hydrolysis is considerably less at lower temperatures and is 
negligible for the 1 : 0.5 ratio at all temperatures. 
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In series A the proportions of HB:B:NaCI were 
1:0.5:1.667; in series B, 1:1:1.667; and in series C, 
1:2:1.667. The eoncentration of HB in the most 
eoneent rated (stock) solution for each series was 
approximately 0.015 molal to prevent separation of 
the free acid at 0° C. 

Dihition of the stock solution was made by weight 
nu^liods, and the resulting solutions were used to 
fill the cells. 

Measurements of the emf of the cells were made 
at 25^ C, then at 5-degree interyals from 0° to 60"^ C, 
and finally at 25° C, and, in general, the initial and 
final emf at 25° C agreed to within 0.15 mv. 



The composition of the solutions and the emf of the 
cells (in intcM-national volts), corrected to 1-atni 
pressure of liydrogen gas, are given in table 2. 
Values for pK' at each concentration, and tempera- 
ture were calculated by means of eq 6 and are given 
in table »^. 

Figure 2 shows the variation of pK^ with the ionic 
strength. The experimental points obtained in 
series A, B, and C are designated by circles. (The 
points designated by squares refer to the data ob- 
tained with sodium iodide and silver-silver-iodide 
electrodes and are discussed later). 

As mentioned previously, the extrapolated values 



Table 2. Observed electromotive force, in international volts, of cells composed of hydrogen and silver-silver-chloride electrodes 
and mixtures of 5-5' -diethylharhituric acid (mHs), sodium 5—5' -diethylbarhiturate (wb), and sodium chloride (mci) 



Solution 



1 
2 
3 
4 
5 



WH B W B 



E5 



f.\h E20 



K?,o E75 



£■50 Ft 



End 



Series A. Ratio HB:NaB:XaCI= 1:0.5:1.667 



0. 005843 
0059S2 
OlOOOO 
01il(;s 
015000 



0. 00292^ 


0. 009737 


0. 01 26f'>0 0. 78442 (}.786f)8 


0. 78915 


0. 7916;^ 


0.79417 


0.79618 


0. 79832 


0. 80055 


0. 80268 


0. 80474 


0. 806f)3 


0. 80861 


. 002991 


.010017 


.013010, 


. 78603 


. 78828 




.79315 


. 79479 


. 79673 


. 79892 


. 80098 


. 80297 


. 80495 


. 80694 


.00 5000 


.016745 


.021750 


. 77358 


. 77558 


. 77765 


. 77966 


. 78167 


78345 


. 7854() 


. 7,h739 


.78918 


. 79098 


. 79277 


. 005590 


.018610 


.024200 .76900 


. 77105 


. 77322 


.77517 


. 77719 


. 779(M) 


. 78096 


. 7^'2(i8 


. 7^167 


.78640 


. 78816 


. 78995 


. 007508 


. 024995 


.032503 .76219 


.76415 


. 76614 


. 76799 


. 76989 


. 77156 


. 77345 


. 77519 


. 77()85 


. 77843 


. 77977 


. 78153 



0. 80883 
. 79443 
.79153 
. 78293 



Series B. Ratio iIB:NHB:Nari=l:l:1.667 



0. 003074 


0. 0029:-{7 


0. 004896 


(t.007833 0.81536 


0. 81823 0. 82123 




... 


0. 82988 


0. S3270 


0. 83536 


0. 83802 


0. 84061 


0.84318 


0. 84572 


. 006C66 


. 005795 


. r)09659 


.015454 


. 79979 


. 8024 1 


. 80506 


80762 0.81015 


.81270 


.81511 


.81743 


. 81976 


. 82202 


. 82422 


. K26.36 


. 009045 


.0()8()41 


. 014402 


. 023043 


. 79054 


. 79291 


. 79538 


. 79784 


. 80022 


. 80259 


, 80489 




. 80920 


.81135 


. 81343 


.81544 


. 012476 


.011919 


. 019865 


.031784 


. 78300 


. 78533 


. 78769 


. 78999 


. 79219 


. 79442 


. 79657 


. 795:63 


. 80070 


. 80273 


. 80464 


. 80r)47 


.015714 


. 015013 


. 025021 


. 040034 


. 77774 


. 77995 


.78216 


. 78442 


. 78654 


. 78856 


.79069 


.79264 


.79462 


. 79651 


. 798.36 


. 80009 



0. 84806 
. 82837 
.81736 
. 80828 
. 80181 



Series C. Ratio HB:NaB:NaCl= 1:2:1.667 



0. 002681 
.003016 
. 005362 
. 008024 
.010000 
. 010905 
. 013500 



0. (M)5.3r.2 

. 0O6o:i3 

. 010724 
. 016047 
. 020000 
. 021809 
. 027001 



0. 004468 
. 005069 
. 008935 
. 013370 
.016804 
.018170 
. 022497 



0.009831 '0.83522 
.011100 



.019659 
.029417 
. 036804 
. 039979 
. 049498 



. 81893 
. 80970 



. 80250 
. 79765 



0. 835()1 
. 82198 
. Sl2m 



. 80532 
. 80036 



. 83863 
. 82496 
. 81541 



. 80801 
.80290 



.84178 
. 82798 
. 81824 



. 81079 



0. 84842 0. 85090 



. 84515 
. 83075 
.82091 
.81540 
. 81338 
.80783 



.84781 
. 83350 
. 82356 
.81719 
. 81556 
.81008 



. 85092 
.83612 
. 82619 
.82019 



. 81261 



0.85441 
8,3895 

82864 
822f)8 



81496 



0. 85740 
.84161 
.83118 
. 82496 



.81728 



0.86019 
84436 
83364 
82717 



.81953 



0.86.317 
. 84714 
. 83614 
. 82945 



. 82179 



0. 86591 
. 84983 
. 83853 
.83154 



. 8238- 



0. 86870 
. 85236 
. 84087 
. 83357 



. 82589 



Table 3. Values of the negative logarithm of the apparent ionization constant, pK', of barbituric acid from 0° to 60° C for various 
ratios of 5-5' -diethylbarbiiuric acid, sodium 5-5' -diethylbarbiturate, and sodium chloride "^ 



Solution 


M 


pK'o 


PK'5 


p/iT'io 


PX',5 


pAr'20 


VK'25 


pJT'iio pK'i, 


p/i:'40 


PA"45 


DK',0 


VK'05 


pAT'fto 


1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

6 


Series A. Ratio HB:NaB:NaCl = 1:0.5:1.667 


0.012660 
. 013010 
. 021750 
. 024200 
. 032503 


8. 4033 

8.1566 
8. 4023 


8.3073 

8. 3082 
8. 3058 
8. 3054 

8. 3083 


8. 2213 
8. 2185 
8. 2156 
8. 2191 
8. 2210 


8. 1426 

8.1338 
8.1360 
8. 1383 


8.0690 
8. 0642 
8. 0554 
8.0584 
8. 0617 


7. 9917 
7. 9809 
7. 9826 
7. 9826 
7. 9848 


7. 9218 
7.9080 
7. 9104 
7. 9146 
7. 9176 


7. 8587 
7.8447 

7. 8477 
7. 8477 
7. 8532 


7. 7980 
7.7830 
7. 7874 
7. 7891 
7. 7912 


7. 7420 
7. 7265 
7.7311 
7. 7326 
7. 7343 


7. 6880 
7. 6725 
7. 6777 
7. 6792 
7. 6763 


7. 6345 
7.6215 
7. 6270 
7. 6292 
7. 6279 


7. 5729 
7. 5782 
7.5798 
7. 5776 


Series B. Ratio HB:NaB:NaCl = 1:1:1. 667 


0. 007833 
. 015454 
. 023043 
. 031784 
. 040034 


8. 3950 
8. 4026 
8. 4054 
8. 4059 
8. 4091 


8. 2999 
8. 3081 
8. 3094 
8.3117 
8. 3144 


8. 2132 
8. 2203 
8. 2205 
8. 2242 
8. 2258 


8. 1380 
8. 1404 
8. 1428 
8. 1455 


8.0596 
8. 0623 
8. 0639 
8. 0669 


7. 9825 
7. 9867 
7. 9893 
7.9909 
7. 9919 


7. 9143 
7. 9167 
7. 9203 
7. 9216 
7. 9240 


7. 8494 
7.8508 

7." 8562 
7. 8584 


7.7880 
7. 7886 
7. 7918 
7. 7947 
7. 7970 


7. 7317 
7. 7316 

7. 7358 
7. 7389 
7. 7405 


7. 6778 
7.6765 
7. 6813 
7.6839 

7. 6861 


7. 6265 
7.6234 

7. 6286 
7. 6305 
7.6327 


7.5759 
7. 5721 
7. 5785 
7. 5808 
7.5831 


Series C. Ratio HB:NaB:NaCl = 1:2:1.667 


0. 009831 
.011100 
. 019659 
.029417 
. 036804 

. 039979 
. 049498 


8. 4010 

8.4613 
8. 4060 

8. 4064 
.8. 4095 


8. .3091 
8. 3082 
8.3132 

8.3146 
8.3174 


8. 2253 
8. 2172 
8.2200 
8. 2250 

8. 2265 
8.2283 


8. 1422 
8. 1352 
8. 1397 
8. 1442 

8. 1472 
8. 1445 


8. 0621 
8. 0641 
8. 0592 
8. 0650 
8.0690 

8.0697 
8. 0661 


7. 9771 
7. 9802 
7.9839 
7.9908 
7. 9824 

7. 9888 
7. 9889 


7.9049 
7. 9120 
7.9115 
7. 9214 
7. 9209 

7.9215 


7. 8548 
7. 8481 
7. 8544 
7.8562 

7.' 8566 


7. 7943 
7. 7859 
7. 7929 
7. 7919 

7.' 7948 


7. 7364 
7.7313 
7. 7363 
7. 7330 

7." 7383 


7.6842 
7. 6798 
7. 6829 
7. 6774 

7^6848 


7.6311 
7. 6296 
7. 6308 
7. 6222 

7.' 6314 


7- 5828 
7. 5809 
7. 5818 
7. 5700 

7." 5808 



a See table 2 for the concentrations of the solutes. 
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e.39 

8.32 



8.13 

8.07 
8.05 
8.00 
7.98 

7.92 

7.90 

7.8G 
7.84 

7.80 
7.78 

7.74 



7.62 
7.59 
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Figure 2. Variation of pK' with ionic strength for various 
fixed ratios 0/ HB:NaB:NaCl {or Nal). 

The data from the cells using silver-silver-chloride electrodes and sodium 
chloride, are designated by ciicles and those using silver-silver-iodide electrodes 
and sodium iodide are designated by squares. 

obtained for pK from each series of measurements 
do not depend upon the vahdity of eq 6, because log 
(Jx/f^)=0 when jli = 0. Examination of the plot of 
pK^ against ju, however, indicated that the points 
fell on a straight line, of the type pK^=pK-\-^iJL, in 
which j3 is the slope. 

The values for pi^ at 25° C obtained were 7.9792, 
7.9815, and 7.9775 for the three series in which the 
buffer ratios (HB:NaB) were 1:0.5, 1:1, and 1:2. 
The average value for pK at 25° C weighted accord- 
ing to the number of experimental points in each 
series is 7.9792 ±0.0010. 

Values for pK at several other temperatures were 
also calculated for each buffer ratio and show ap- 
proximately the same degree of concordance. 

3.2. Effect of the Concentration of Alkali Halide 
onpK' 

In cells without a liquid junction (eq 1), the pres- 
ence of a soluble alkali halide is necessary to insure 
the reversible functioning of the silver-silver-halide 
electrode. 

When measurements of pH are made b^' means of 
a practical assemblj", such as hydrogen-calomel or 
glass-calomel cells, the soluble halide in the buffer 
solution serves no useful purpose; in fact, it is con- 
venient to prepare a buffer solution without the ne- 
cessity" of weighing out an extraneous salt. 

Measurements are therefore usuall3" made of the 
emf of the series of cells containing solutions in which 
both the ratio and the concentrations of the buffer 
acid and its salt are maintained at a fixed value, 
whereas that of the alkali halide is progressively 
diminished. 

The values thus obtained for pK^ can be plotted 
against the molality of the halide (usually the plot 
is a linear, or very nearly so), and extrapolated to 



zero concentration of halide to obtain the pK^ for 
the halide-free buffer.^ 

The value for pK^ at zero concentration of chloride 
ion (and for finite concentration of both m^B aiid 
//Ib) is designated as pwH° by Bates [18] or 
pwH°^c5;^o pK\ 

The value of pwH° can be used to calculate the 
pH of the buffer. A variety of values can be 
obtained, depending on the assumption used to 
estimate log/ci. 

Although this method had been successfully 
applied at the Bureau in a study of a number of 
buffer-chloride mixtures, anomalous results were 
obtained with barbiturate-chloride solutions. The 
plot of pK^ against jjl was not a straight line through- 
out its entire length, but dropped sharply as the 
concentration of chloride ion relative to that of the 
buffer was diminished. The anomalous behavior 
can be explained by postulating some kind of a re- 
action between barbiturate ion and solid silver 
chloride that has an increasing tendency to take 
place the lower the concentration of soluble chloride 
in the solution. An experiment was performed in 
which approximately 0.01 mole of solid silver chloride 
(free from extraneous, soluble chloride) and approxi- 
mately 0.01 mole of NaB were shaken together for 
several days with 100 ml of distilled water. The 
filtrate was acidified with nitric acid and yielded a 
qualitative test for chloride ion with silver nitrate. 
There are several possible explanations. For ex- 
ample, one reaction might be AgCl+B~=AgB + Cl~; 
another might involve the formation of undissociated, i 
slightly soluble AgB; still another perhaps the forma- 
tion of a complex ion such as AgBa", etc. It was not 
considered necessary to delve further into the various 
possibilities, especially as a simple method was 
found to eliminate the effect entirely. 

The extent to which the reactions postulated above 
occur can be made negligible by the use of a suffi- 
ciently high concentration of soluble chloride in the 
barbiturate-chloride mixture. It should also be 
possible to diminish them by the substitution of the 
chloride by iodide, both in the solution and in the 
reference electrode. If one considers, for example, 
the reaction AgCl +B~ = AgB + CI", one may write the 
equilibrium constant as Ki—KAgcilKAgB=((^ci-/^B-j 
where i^Agci and Ka^b are the solubility products for 
silver chloride and for silver barbiturate. Similarly, 
for the reaction AgI+B"=AgB + I~, the equilibrium 
constant is /!L2=XAgi/i^AgB=^i-MB-,whereXAgi is the 
solubility product of Agl. Subtraction of the 
second reaction from the first yields AgCl + I" = 
Agl + Cl~ for which, at the same initial concentration 
of B~ and assuming that the occurence of the reac- 
tion does not appreciably alter the concentration of 
B~, K^=KAgcilKAgi=aci- lai~ . Since the ratio of 
the solubility products of silver chloride and silver 
iodide at 25° C is approximately 10^, substitution of 
chloride by iodide in the electrodes and in the 
barbiturate-halide solution should be quite effective 
in preventing an3^side reactions of the type postulated 
above. 

7 Note that the extrapolation does not permit calculation of pK, because whb 
and wb remain constant in this type of measurement. 
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The emf of a series ol barbiturate-iodide buffers 
was therefore studied. Tlie results confirmed the 
prediction and showed no abnormal effect of iodide 
on the a})|)ai'ent ionization constant of barbituric 
acid. The plots of pK^ at 25° C for a ratio of 
HB:NaB of unity against various concentrations of 
sodium chloride and of sodium iodide are shown in 
figure 3. The concentrations of the solutions, the 
emf in international volts (at 25° C) of the cells 
corrected to 1-atm pressure of hydrogen gas, and the 
value for pK at 25° C are given in table 4. 

Table 4. Apparent effect at 25° C of sodium chloride and of 
sodium iodide on the value for pK' for 5-5' -diethylharhituric 
acid 



(a) Sodium chloride 


Solution 


WHB 


T/iB 


mci 


EihAat. V 


pir'25 


1 

2 

3 

4 

5 

6 

7 

8 


0.014504 
. 014973 
.015007 
. 014559 
. 014951 

.015021 
. 014647 
.015714 
. 014864 
. 015294 
. 014909 


C. 014504 
. 014973 
. 015007 
. 014559 
. 014951 

. 015021 
. 014647 
.015013 
. 014864 
. 015005 
. 014909 


0.003816 
.005006 
. 005984 
. 007850 
. 009978 

. 014991 
-.015545 
. 025021 
. 050000 
. 079961 
. 082950 


0. 83513 
. 82787 
. 82375 
.81770 
.81171 

. 80189 
. 80096 
. 78856 
.77118 
. 75853 
. 75826 


7. 9430 
7. 9381 
7. 9459 
7.9615 
7. 9643 

7. 9751 
7. 9752 
7.9919 
7. 9790 
7. 9773 
7.9812 


9 


10 

11 


(b) Sodium iodide 


1 

2 

3 

4 

5 

6. . 


WHB 


me 


mi 


£25.int. V 


VK'2, 


0. 014981 
.015714 
. 015022 
. 014517 
. 015036 

.014720 
. 014968 
. 014836 
.015098 


0. 014980 
.015115 
. 015022 
.014517 
. 014977 

. 014466 
. 014968 
.014836 
.015098 


0. 003399 
. 006041 
.007176 
. 010515 
.014689 

. 024372 
. 024966 
.026176 
. 050343 


0. 46629 
. 45104 
. 44686 
. 43713 
. 42838 

. 41564 
.41502 
.41387 
. 39362 


7. 9897 
7. 9831 
7. 9856 
7. 9870 
7. 9858 

7. 9902 
7. 9886 
7. 9897 
7. 9821 




8 


9 





The value for pwH° obtained with silver-silver- 
iodide electrodes was 7.985 at 25° C. 

In attempting to obtain data on pwH° one must 
not accept at face value measurements involving 
only so(hum chloride, lest the possibility^ of such an 
anomalous reaction exist. The relative solubilities 
of the silver salts of the halide and of the buffer anion 
should be known. Unfortunately, accurate data 
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Figure 3. Effect at 25° C of sodium chloride and of sodium 
iodide on the pK' for 5-5' -diethylharhituric acid. 

are not available for most organic salts containing 
silver. Additional experiments with a soluble iodide 
and silver-silver-iodide electrodes may be necessary 
if measurements on the buffer salts have been made 
with only silver-silver-chloride electrodes. 

3.3. Measurements of pK' with Hydrogen and 
Silver Silver-Iodide Electrodes 

In view of the above findings, it became of interest 
to determine whc^tluM' the value for pK obtained by 
extrapolation (h^pends on the nature of the reference 
electrode used in the cell shown in eq 1. Measure- 
ments were thcM'cfore made of the emf of the cells 
containing hydrogen and silver-silver-iodide elec- 
trodes immersed in buffer sohitions composed of 
various concentrations of HB, NaB, and Nal. The 
concentrations of the solutions and the emf, in in- 
ternational volts, corrected to 1-atm pressure of 
hydrogen gas are listed in table 5. The values of 
pK' for buffer ratios, HB:B, of 2.0, 1.0, and 0.5, 
caluclated by eq 6, are given in table 6 and are desig- 
nated by squares in figure 2. The plot of pK' 
against /x proved to be linear, and over the range 5° 
to 40 °C the positions of these lines (calculated by 
least squares) were found to be very nearly the same 
as those obtained for the corresponding measure- 
ments for the chloride series. 

The average difference in the extrapolated values 
for pK between the Ag-AgCl series and the Ag-Agl 
series over the range 5° to 40° C was —0.0018 unit 
in piT, or about 0.1 mv in emf. 

In table 7 is given a summary of the extrapolated 
values obtained for pK and jS, using the two types 
of reference electrodes. 



Table 5. Ohserved electromotive force, in international volts, of cells composed of hydrogen and silver-silver-iodide electrodes and 
mixtures of 5-5' -diethylharhituric acid (/Whb), sodium 5-5' -diethylharhiturate (t^b), and sodium iodide {mi) 



Solution 


whb 


Wb 


Jill 


A* 


.Eo 


E, 


^10 


Ex, 


^20 


^25 


Ei, 


Ere 


£iO 


wh b j=^ 2rw B : 
1 


0.015014 
. 014916 

. 003164 
.006319 
.008908 

.011874 
. 014720 
. 014968 
. 01483b 

.015041 


0. 007478 
. 007^58 

.003164 
. 006319 
. 008908 

.011874 
. 014663 
. 014968 
.014836 

. 030082 


0.024412 
. 0261 76 

. 005688 
.011288 
. 015852 

.021140 
. 024372 
. 02496b 
.1126176 

. 021000 


0.U31890 
. 033634 

. 008852 
.017607 
. 024760 

. 033014 
. 039035 
. 039934 
.011013 

. 051080 




0. 38427 
. 3S221 

. 43513 
. 41861 
.41111 


0. 38768 
. 38581 

. 43967 
. 42302 
. 41498 


0. 39108 
.38931 

. 4x442 
. 42721 
. 41882 


0. 39450 

. 29281 

. 4485b 
.43122 
. 42257 


0. 39739 
. 39600 

. 45296 
. 43528 
. 42645 


0. 40099 
. 39888 

, 45685 
. 43905 
. 43016 


0. 40400 

. 40228 

. 46091 
.44311 
. 43389 


0. 40720 
. 40565 

. 46518 
.44711 
. 43780 


2 
3 


0. 43095 
.41438 
. 40642 

.40016 


4 

5 

6 




. 40056 
. 39981 

. 42106 


. 40449 
. 40409 
. 40255 


. 40861 
. 40778 
. 40661 

. 42925 


.41269 
.41162 
.41018 


. 41565 
.41502 
. 41.387 

. 437J9 


.41973 
.41861 
. 41762 


. 42331 
. 42247 
. 42095 


. 42684 
. 42573 
. 42462 


8 -. -. .. 




9 


27«hb«//Jb: 

10 
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'Table 6. Values of the negative logarithm of the apparent ionization constant^ piv', cf 5-5' -diethylharhitiiric acid obtained from 

hydrogen and silver-silver iodide electrodes 
(See table 5 for the concentrations of the solutions) 



Solution 


VKo 


piTs 


P/^IO 


p/^15 


Pi^20 


vkU 


pA'ao 


VKzf, 


vKio 


1... 




8.3211 
8. 3123 
8. 3076 
8. 3058 
8. 3175 


8. 2297 
8. 2250 
8. 2201 
8. 2212 
8. 2257 


8. 1446 
8. 1422 
8. 1425 
8.1390 
8. 1398 


8. 0657 
8. 0652 
8. 0600 
8. 0595 
8. 0583 


7. 9^35 
7. 9886 
7. 9880 
7. 9865 
7. 9848 


7. 9190 
7. 9125 
7. 9131 
7. 9144 
7. 9139 


7. 8497 
7. 8501 
7. 8461 
7. 8521 
7. 8486 


7. 7886 
7. 7922 
7. 7873 
7. 7936 
7.7911 


2 - -- 




3 .- 


8. 4084 
8.4002 
8. 4008 
8. 4057 


4 


r 


6 


7 ... -_ 


8. 3145 
8. 3098 


8. 2272 
8. 2289 
8. 2220 


8. 1495 

8. 1438 

8. 1439 
8. 1433 


8. 0767 
8. 0670 
8. 0629 


7. 9904 
7. 9886 
7. 9897 
7. 9874 


7. 9288 
7. 9191 
7. 9231 


7. 8638 
7. 8589 
7. 8546 


7. 8030 
7. 7939 
7. 7966 


8. 




9... 




10 




8. 3188 











Table 7. 



Values for pK and for ^ for 5-5' -diethylharhituric 
acid 



Tempei- 
ature 


Ag-AgCl electrodes 


Ag-AgI electrodes 


Average » 


VK 


^ 


piiT 


/3 


VK 





°C 


5 
10 
15 
20 

25 
30 
35 
37 
40 

45 
50 
55 
60 


8. 3971 
8. 3036 
8. 2167 
8.1358 
8. 0599 

7. 9792 
7.9088 
7. 8481 

7^7854 

7.7290 
7. 6776 
7.6264 

7. 5762 


-0.25 
-.25 
-.21 
-.19 
- 14 

-.24 
-.32 

-.18 

-.21 

-.20 
-.11 
-.08 
-.08 


8." 3054 
8. 2192 
8. 1395 
8. 0566 

7.9815 
7. 9097 
7. 8440 

7.^7869 


-o.li 

-.19 
-.12 
-.21 

-.16 
-.24 
-.26 

"-.'17 


8. 3971 
8. 3040 
8. 2171 
8. 1367 
8. 0592 

7. 9798 
7.9092 
7. 8471 
b 7. 8226 
7. 7858 

7. 7290 
7. 6776 
7. 6264 
7. 5762 


-0.25 
-.24 
-.22 
-.18 
-.15 

-.22 

-.29 
-.20 

'-.'20 

-.20 
-.11 
-.08 
-.08 



» Averaged in proportion to the number of cells in each series, 
b Calculated by means of eq 7. 

The variation of ^K for 5-5'-diethylbarbituric 
acid (col. 6 of table 7) with the absolute temperature 
T(273.16+#°C) can be expressed by the equation 

p/^-2324.47/r+0.0118562T-3.3491 (7) 

with an average deviation of ±0.0017 unit. The 
value for ^K at 37° C was calculated by means of 
eq 7. In figure 4 the circles and the squares, respec- 
tively, correspond to the values obtained for pi? 
with Ag-AgCl and Ag-AgI electrodes. The solid 
<5urve is that corresponding to eq 7. 

4. Comparison With Other Values in the 
Literature 

With one exception, all other previous measure- 
ments [1,3,5,6,7] of the ionization constant of 5-5'-di- 

Table 8. Comparison of the values found for pK for 5-5'- 
diethylharhituric acid by different investigators » 



Year 


Investigator 


Method 


piT at 

25° C 


1906 
1920 
1930 
1931 
1937 
1940 
1948 


Wood [4] 

KolthofI[5l 


Conductance . 


7.43 

7.4 

7.86 

7.89 

7.93 

7.91 

7.980 


H2-calomel cells 


Michaelis[l] 


do 


Britton and Robinson [61. . 
Bush [7] 


do 


do 


Krahl[3] 




This research 


Cells without liquid junction. 



a Corrected where necessary to 25° C by means of d^tK/dT obtained by differ- 
■entiation of eq 7. 



r .50 



Figure 4. 




20 30 

TEMPERATURE 



Variation of pK for 5-5' -diethylbarbituric acid with 
temperature. 

The circles and the squares, respectively, designate the data from the chloride 
and from the iodide cells, respectively. The solid line is that obtained from 
equation 7. 



ethylbarbituric acid have been obtained by the use 
of a reference solution of assigned pH value and a 
cell involving a liquid junction. Wood [4] measured 
the specific electric conductance of HB solutions. 
The values for pK obtained by other investigators 
corrected to a uniform temperature of 25° C (by 
means of the value for dpK/dT obtained from eq 7) 
and increased b}^ 0.04 unit, when appropriate, to 
place them on the ^^activity" basis, are listed in 
table 8. 



5. Derived Thermodynamic Quantities 

The relation between the ionization constant of a 
weak acid and the temperature can be used to com- 
pute a number of derived thermodynamic properties. 
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The free energy [19] of ionizalion is given by 

AF'' = -RT In K=2.3026RT pX=A//°-TAS°, 

(8) 

from which the change in entropy, the heat of the 
reaction, and the change in the heat capacity can be 
obtaiiunl by suitable differentiation [19] of eq 7 and 8: 



Ai?^ = d(AF720/^(l/r)> 



(9) 



The values for Ai^°, AS°, AFP, and ACp'' for the 
ionization process HB(aq)— H+ + B~ are given in 
table 9. 

Table 9. Derived thermodynamic quantities for the ionization 
process: HB(aq) = H''" + B- 



Tem- 












pera- 


AF° 


AH° 


AS° 


ACp° 


ture 












° C 


Int.jrC 


cairc 


Int.jrC 


cal/°C 


iiitjrc 


cairc 


Int.jrC 


cairc 





43,916 


22, 100 


27, 560 


13, 869 


-59. 88 


-30. 13 


-123.9 


-62.4 


5 


44, 222 


22, 254 


26, 934 


13, 554 


-62. 15 


-31.28 


-126.3 


-63. 6 


10 


44, 538 


22,413 


26, 297 


13, 233 


-64. 42 


-32. 42 


-128.5 


-64.7 


15 


44, 866 


22, 578 


25, 649 


12, 907 


-66. 69 


-33. 56 


-130.8 


-65.8 


20 


45, 205 


22, 748 


24, 989 


12, 575 


-68. 96 


-34. 70 


-133. 1 


-67.0 


25 


45, 555 


22, 924 


24,317 


12, 237 


-71.23 


-35. 84 


-135.3 


-68.1 


30 


45, 917 


23, 107 


23, 635 


11,894 


-73.50 


-36. 97 


-137.6 


-69.2 


35 


46, 290 


23, 294 


22, 944 


11,546 


-75. 76 


-38. 12 


-139.9 


-70.4 


40 


46, 675 


23,488 


22, 240 


11, 192 


-78.03 


-39. 27 


-142.1 


-71.5 


45 


47, 071 


23, 688 


21, 523 


10, 831 


-80. 30 


-40. 41 


-144.4 


-72.7 


50 


47, 478 


23, 892 


20, 795 


10, 465 


-82. 57 


-41. 55 


-146.7 


-73.8 


55 


47, 896 


24, 102 


20, 055 


10, 092 


-84. 84 


-42. 69 


-148.9 


-74.9 


60 


48, 326 


24, 319 


19, 304 


9,714 


-87. 11 


-43. 84 


-151. 2 


-76.1 



»i?=8.3130 int. i/°C; 1 defined calorie =4. 1833 int. j. 
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